The construction industry uses more resources and produces more waste than any other industrial sector; sustainable development depends on the reduction of both, while providing for a growing global population. The reuse of existing building components could support this goal. However, it is difficult to reclaim components from demolition, and materials remain cheap compared with labour, so new approaches are needed for reuse to be implemented beyond niche projects. This study therefore reviews waste interventions. Multiple case studies, spanning new builds and refurbishment, were undertaken to examine systemic mechanisms that lead to components being discarded. Evidence from fieldwork observations, waste documentation, and interviews indicates that the generators of unwanted components effectively decide their fate, and a failure to identify components in advance, uncertainty over usefulness, the perception of cost and programme risk in reclamation, and the preferential order of the waste hierarchy mean that the decision to discard to waste management goes unchallenged. A triage process is proposed to capture timely information about existing building components to be discarded, make this information visible to a wide community, and determine usefulness by focusing creativity already present in the industry on an exhaustive examination of component reusability and upcyclability.
Introduction
The global construction industry uses around 23 Gtpa of non-fuel raw materials [1] . Extraction of these resources causes environmental damage, loss of habitat and biodiversity, and changes in land use patterns [2] . Processing and transporting those resources to supply useful building materials depletes reserves of non-renewable energy, and, in the UK, represents 8% of total greenhouse gas emissions [3, 4] . At end-of-life, a large proportion of these resources become waste, with additional environmental impacts ( Figure 1 ). Construction activities are responsible for 9 Gtpa of waste globally [1] , and one-third of total waste generation across EU countries [5] .
The European Commission Waste Framework Directive [6] embeds into law the waste hierarchy's preferential order for waste management: after prevention, direct reuse of a product, then recycling (reprocessing into new products), recovery (such as generating energy through combustion), and, lastly, disposal. Member States are required to achieve a 70% landfill diversion rate by 2020 for all construction and demolition (C&D) waste except natural soil and stone and hazardous waste ( [6] Article 11). In the UK, this target has been met: the statutory requirement for Site Waste Management Plans There is a danger in assuming that the impact of construction waste has been successfully mitigated as recycling rates rise above 90%. A first problem is that these data are based on whether waste is sent to recycling companies, rather than whether it is recycled in reality. Secondly, the impacts of transportation and recycling processes can be considerable. Thirdly, recycling processes can be highly wasteful. The global image of recycling-the familiar triangle of arrows-conjures an idea of continuous cycles, yet open-loop recycling is better described as delayed disposal [11] . When, for instance, timber joists are chipped for chipboard, this open-loop recycling still requires trees to be felled, milled, and produced when we want new joists. The recycled wood chip has a lower economic value than the joist from which it came. It also has reduced 'utility', considered as a function of the displaced impacts of extracting and processing a primary material, and the performance of that material's duty through a period of time. A chipped joist only displaces new wood chip (e.g., from forest thinnings), a material with low impacts. In products like chipboard or animal bedding, it can perform a duty for a limited period of time, and will be buried or incinerated relatively soon. A joist retained in its existing form may be able to displace new, kiln-dried sawn wood, and perform the duty of supporting a floor for many decades.
Utility also drops in the case of end-of-life concrete. Recycled aggregate from concrete displaces primary aggregate-a material with low value and impacts compared with concrete. The lower duty performed as aggregate represents a loss of between 70 and 185 kg embodied CO2/tonne of concrete [12] . Even recycling of metals entails a loss of utility. Properties of products from refining steel scrap, for instance, do not match those of steel obtained from virgin production, so secondary steel is used for reinforcing bar and sections, but not for higher grade and applications like plate and sheet, which have greater impacts [13] .
Schut et al. [14] report that, in the Netherlands, only 3-4% of material used in the construction of buildings is from a secondary source, despite 95% of C&D waste being recycled. A large proportion of this recyclate becomes fill in road construction. The environmental impacts of waste generation There is a danger in assuming that the impact of construction waste has been successfully mitigated as recycling rates rise above 90%. A first problem is that these data are based on whether waste is sent to recycling companies, rather than whether it is recycled in reality. Secondly, the impacts of transportation and recycling processes can be considerable. Thirdly, recycling processes can be highly wasteful. The global image of recycling-the familiar triangle of arrows-conjures an idea of continuous cycles, yet open-loop recycling is better described as delayed disposal [11] . When, for instance, timber joists are chipped for chipboard, this open-loop recycling still requires trees to be felled, milled, and produced when we want new joists. The recycled wood chip has a lower economic value than the joist from which it came. It also has reduced 'utility', considered as a function of the displaced impacts of extracting and processing a primary material, and the performance of that material's duty through a period of time. A chipped joist only displaces new wood chip (e.g., from forest thinnings), a material with low impacts. In products like chipboard or animal bedding, it can perform a duty for a limited period of time, and will be buried or incinerated relatively soon. A joist retained in its existing form may be able to displace new, kiln-dried sawn wood, and perform the duty of supporting a floor for many decades.
Utility also drops in the case of end-of-life concrete. Recycled aggregate from concrete displaces primary aggregate-a material with low value and impacts compared with concrete. The lower duty performed as aggregate represents a loss of between 70 and 185 kg embodied CO 2 /tonne of concrete [12] . Even recycling of metals entails a loss of utility. Properties of products from refining steel scrap, for instance, do not match those of steel obtained from virgin production, so secondary steel is used for reinforcing bar and sections, but not for higher grade and applications like plate and sheet, which have greater impacts [13] .
Schut et al. [14] report that, in the Netherlands, only 3-4% of material used in the construction of buildings is from a secondary source, despite 95% of C&D waste being recycled. A large proportion of this recyclate becomes fill in road construction. The environmental impacts of waste generation are thus reduced. However, the failure to retain materials as high-utility construction components means that the industry's enormous resource extraction continues more or less unabated. Current systems of waste management do not satisfactorily support mitigation of the construction industry's environmental impacts.
This article therefore reviews areas of waste interventions that seek to address these impacts. It then aims to explain the systemic mechanisms that currently lead to end-of-use building components being discarded as waste, and, in response, describe a series of interlinked activities to support (a) the identification and separation of reusable components, and (b) an incremental increase in the capacity for component management. The empirical research is based on case studies related to housing regeneration in the London Borough of Tower Hamlets, i.e., an urban environment in the UK.
The study finds that the decision to discard components to waste management frequently goes unchallenged, and that this is underpinned by, inter alia, a failure to identify components in advance and an acceptance of the preferential order of the waste hierarchy where direct reuse appears impractical. The generators of unwanted components effectively decide their fate, but these organisations are ill-equipped to answer the fundamental question of whether components are of use to others. A 'triage process' is proposed in which the onus for producing this knowledge is shared. Responsibilities for policymakers, clients, design teams, new upcycling enterprises, and academia are suggested, to reach a robust process for increasing diversion away from waste management and into component management.
Review of C&D Waste Interventions
To address the global impacts shown in Figure 1 , attention can be focused on three areas: (1) design of new additions to stock, (2) management of existing building stocks, and (3) maintenance and enhancement of the utility of removals from stock ( Figure 2) . A brief review of these areas follows, providing a demarcation of the scope of this study and a rationale for its focus on the third. are thus reduced. However, the failure to retain materials as high-utility construction components means that the industry's enormous resource extraction continues more or less unabated. Current systems of waste management do not satisfactorily support mitigation of the construction industry's environmental impacts. This article therefore reviews areas of waste interventions that seek to address these impacts. It then aims to explain the systemic mechanisms that currently lead to end-of-use building components being discarded as waste, and, in response, describe a series of interlinked activities to support (a) the identification and separation of reusable components, and (b) an incremental increase in the capacity for component management. The empirical research is based on case studies related to housing regeneration in the London Borough of Tower Hamlets, i.e., an urban environment in the UK.
To address the global impacts shown in Figure 1 , attention can be focused on three areas: (1) design of new additions to stock, (2) management of existing building stocks, and (3) maintenance and enhancement of the utility of removals from stock ( Figure 2) . A brief review of these areas follows, providing a demarcation of the scope of this study and a rationale for its focus on the third. Three areas of focus in addressing waste and material efficiency in construction: (1) design of new additions to stock, (2) management of existing building stocks, and (3) maintenance and enhancement of the utility of removals from stock. The focus of the present research is area (3). Improvements to (3) can improve additions to stock (green arrow), but (1) does not rely on the use of secondary components and is described as an independent area of intervention. Three areas of focus in addressing waste and material efficiency in construction: (1) design of new additions to stock, (2) management of existing building stocks, and (3) maintenance and enhancement of the utility of removals from stock. The focus of the present research is area (3). Improvements to (3) can improve additions to stock (green arrow), but (1) does not rely on the use of secondary components and is described as an independent area of intervention.
Design of New Additions to Building Stocks
Ways of reducing resource extraction and process waste by the design of additions to stock include the following: (a) in production, increasing the yield of useful materials from extracted resources [13] ; and (b) in building construction, adopting various measures to reduce material inputs and 'design out waste' [15] , such as off-site prefabrication, just-in-time delivery, and protection of goods on site [16] . These practical measures have been thoroughly covered in the literature [17, 18] ; more recently, there has been a focus on waste minimisation through the use of building information modelling (BIM), inter alia, to coordinate and validate design ahead of construction [19] [20] [21] .
Reduction of future material inputs and waste outputs is an important aspect of the design of new additions to stock. Approaches in this mould have recently become associated with the idea of a circular economy. This encompasses a range of strategies [22] that aim to take control of the end-of-life scenario, by encouraging greater consideration of the whole life cycle at the design stage. Circularity in relation to the built environment (e.g., [23] [24] [25] [26] ) harnesses the established field of design for deconstruction (DfD; e.g., [27] [28] [29] ). A change of perception is pursued, in which we see 'buildings as material banks' [23, 30] , and actively manage accounts of the materials deposited within them through material passports, Internet of Things devices, and BIM [24, [31] [32] [33] .
While most circular economy thinking is focused at the individual product level, buildings are compositions of numerous products with different lifespans [34] , which may be altered in a number of ways, from routine maintenance to structural adaptation. These factors mean that buildings are complex entities, and represent a different challenge to that of individual products [25] . Circular economy models are yet to reach widespread application beyond specific components that are easily removed and need frequent replacement, such as lighting [35] and carpet tiles [29] . Such ongoing contractual arrangements between building owner and manufacturer have great benefits in forcing engagement with future end-of-life. Their suitability to longer-lived components is less clear, given the likelihood of manufacturers ceasing trading before the circle closes [14] .
Given that stock turnover is low (e.g., new build rates in the UK, Germany, Denmark, and the Netherlands are between 0.5 and 1.5 percent per year [36] [37] [38] ), the segment of total stock improved by design changes would be relatively modest [39] even if all new buildings were built according to DfD and circular economy principles. The value of the envisaged life cycle improvements will not be realised for decades to come, and, as with any anticipation of future benefits, both the value and the timeframe naturally carry a level of uncertainty [40] . Over a building's lifespan, developments in materials, regulations, construction methods, and societal needs can create functional obsolescence of deconstructable buildings and reusable components; unexpected damage or wear can reduce integrity; tastes can change. A technical solution to building deconstructability and component reusability unfortunately will not ensure actual reuse [25] .
A focus on additions to stock is justifiable, but by itself is not enough. It has no effect on today's waste generation; it overlooks the materials in our existing building stock and the resource this represents [41] , which instead is seen as 'waste in waiting' [42] .
Management of Existing Building Stocks
The most significant decision in relation to the generation of waste and use of materials is whether to demolish an existing building, whereby 'the most environmentally benign building is the one that does not have to be built' [43] . Management of the existing building stock, through intensifying use and prolonging lifespan [1] , minimises the magnitude of resource inputs and waste outputs. However, the decision not to prolong lifespan, but instead to demolish, may be taken before the end of a building's physical service life [44, 45] for reasons that are outside the control of the construction industry [46] [47] [48] . Factors that tend to influence this decision, such as land value and rental yield, are not within the present paper's scope.
Even if building lifespans are maximised, there will still be cases in which demolition (or deconstruction) is the only feasible option, as well as existing building components emerging from refurbishment.
Maintaining and Enhancing Utility of Removals from Stock
Apart from downcycling, attention to materials removed from existing building stocks is presently limited to the architectural salvage industry, which provides some opportunity for contractors and demolition contractors to reclaim and sell building components. However, given the limited and fragmented nature of this market [49] , its use depends to a large extent on the ability of contractors to maintain a network of organisations to whom they can sell materials that they would otherwise pay to discard [50] . These business networks will inevitably be bounded by circumstances such as the availability of nearby traders of a particular component type, and contractor awareness of these traders. Evidence suggests that the UK salvage industry is in decline in terms of quantities stocked, total value of trade, and number of people employed in the sector [51] .
This trend may be partly attributable to the fact that most buildings built from the mid-twentieth century onwards are not constructed in a way that gives high potential for component recovery [30] . As demolition of earlier buildings is relatively rare, some researchers have been tempted to dismiss existing buildings as a source of reusable components in their entirety (e.g., [30, 52] ). The time and space required to carefully dismantle and set aside materials for reuse means that deconstruction of existing buildings is usually prohibitively expensive [53] for all except the most valuable items. Where the UK salvage industry continues to exist, it trades in goods with a known market value, like architectural ornaments or timber floorboards of established historic merit, and sells to a limited market segment of heritage projects and private high-end residential projects [54, 55] .
To increase its impact, reuse needs to reach beyond the current scope of the salvage industry. Many interrelated factors create drivers or barriers to the adoption of unconventional approaches in construction [56] . In the case of reuse, uncertainties over lead-in times, cost, and consistency of quantity and quality appear to be severe constraints on demand from risk-averse mainstream construction [57] . Lack of opportunities to purchase (e.g., a functioning market for secondary materials other than architectural salvage) may mean that demand is unknown [58] . Without demonstrable demand, a perception may develop that only goods traded by the salvage industry are reusable, such that there is rarely motivation to shift away from established demolition practices to careful deconstruction and reclamation [59, 60] . The majority of removals from building stock therefore enter waste management, geared towards material recovery through recycling, and energy recovery through incineration. These processes are justifiably well-covered in the literature (e.g., [61] [62] [63] ). Options for the viable recovery of component function, by contrast, remain limited [57, 64, 65] .
A shift from waste management to 'component management' may be afoot in certain material groups. Growing academic attention has focused on the reuse of structural steel, thanks to steel's ubiquity, the significant environmental benefits that would arise from shortcutting recycling, and the intuitive feasibility of deconstructing and reusing these relatively high-value components. The literature identifies barriers and constraints; looks at cases of successful reuse to determine whether barriers are real or perceived; finds the economic case marginal; and proposes systemic and technical interventions to encourage a more effective supply chain [32, [66] [67] [68] [69] [70] [71] [72] [73] .
The economic challenges seen in the case of structural steel, and the narrow scope of products traded by salvage yards, suggest that a like-for-like model of reuse (e.g., timber floorboards reused as timber floorboards) is only viable for a select few building component types. Effective management of other less-valuable components may be supported by processes that not only retain their utility, but enhance it, to add value. Research exploring value-adding possibilities beyond like-for-like reuse is presently scarce, while research into systemic change in this area appears only sporadically.
Creating More Opportunities for Reuse, Repurposing, and Upcycling
In a 1994 interview, Reiner Pilz said: "Recycling, I call it down-cycling. They smash bricks, they smash everything. What we need is up-cycling, where old products are given more value, not less." [74] . Upcycling is generally understood to refer to the enhancement of value or utility through non-destructive recycling. Unlike direct reuse, some processing is undertaken (for instance, in the form of removing parts or joining components together), but it is not a destructive process that returns the component to raw material [75] . The impacts of a process must, to qualify it as upcycling, be less than the impacts of extracting and processing the virgin material displaced by the upcycled product. A waste stream transformed and repurposed such that it can perform a duty typically undertaken by a different type of virgin material with greater impacts can be understood to have increased in utility.
The role of upcycling in industry is garnering increasing attention [76] . Individual instances of enterprises developing new upcycling processes using C&D waste have been reported [77, 78] , and there are examples of building projects that include repurposed and upcycled elements [79] . However, these cases are rare and are brought about in niches away from 'normal' markets [80] ; there is little research on the conditions that might generate many more such innovations or bring their perceived benefits to bear on the mainstream construction industry.
Visions of systemic change have tended to look for means of stimulating new markets in reused components by creating information flows between 'supply projects' and potential 'demand projects'. As early as 2003, web-based waste exchange frameworks to improve the planning of demolition [81] [82] [83] [84] were being investigated. Around the same time, Hurley proposed a 'material recovery notes' system (extending the idea of packaging recovery notes) to aid in the trading of end-of-use building components [85] . Chen et al. simulated an e-commerce system for the exchange of C&D waste which they termed 'Webfill' [86] . Poelman also articulated the criticality of extracting information from the supply side and envisaged a system of 'Supply Driven Architecture' in which reusable materials in buildings are assessed, and the information is made available to architects [39] . Without reference to these precedents, Ali diagnosed a similar problem and elaborated another information exchange system, a 'Virtual Repository', with GIS (geographical information system) mapping and newly-prevalent BIM as the platform to allow the comparison of materials available from demolition or stored in salvage yards against those needed in new construction [87] . Ratman-Kłosińska proposed a 'StockExchange' for C&D waste, with an associated directory of reuse actors [88] . Recently, Iacovidou and Purnell have described a 'typology system' to keep track of the properties of structural components through their lifecycle and enable their efficient use and reuse [49] . A current research project under the title 'Deconstruction and Recovery Information Modelling' aims to develop a tool for identifying reusable building components at end-of-life, for both new and existing buildings [89, 90] .
It is evident that related findings, ideas, and approaches arise intermittently in this area, but the various propositions lack a shared vocabulary and often do not successively build on previous research. Despite these authors' valuable contributions, practical implementations of what might be termed reused materials marketplaces (RMMs) have yet to provide a feasible alternative to conventional supply chains in mainstream construction. The small number of items available through UK examples of RMMs (e.g., [91] [92] [93] [94] [95] ) demonstrate their low uptake.
The existing literature thus agrees on the need for better information about existing building components and marketplaces for their exchange. The assumption is that this will allow contractors and demolition contractors to understand where there is demand for items they would otherwise discard, and initiate reclamation and resale. However, the provision of information and role of marketplaces have not been conceived within a wider framework of activities that would be necessary to challenge existing practices and bring about significant change.
Methods

Multiple Case Study Approach
The project aim was pursued through multimethod qualitative case study research conducted with two housing organisations. The research was undertaken with a critical realist perspective [96] . Six live projects were chosen as case studies: one large-scale new build (construction cost > £30 m); one small-scale new build including demolition (<£10 m); three widespread refurbishment packages including strip-out (each > £30 m); and one smaller refurbishment package (<£10 m).
Sources of Evidence
Case study methodologies encourage the triangulation of sources of evidence to increase internal validation of data and accuracy of observations [97] . The scientific method was organised around three main sources of evidence [98] :
fieldwork observations on construction sites and through regular visits to the waste transfer stations (WTSs) used in the case study projects, reported in Section 4.1; 2.
documentation, which was largely in the form of contractors' SWMPs and waste reports, reported in Section 4.2; and 3.
in-depth semi-structured interviews with 21 interviewees from the contractors, waste management companies, and members of the two client organisations (Table S1 ), reported in Section 4.3. Although an interview length of at least 60 min was sought for in-depth investigation [99] , the average length was 48 min.
Data Analysis
Raw data from interviews collated in a case study database were coded under emergent themes. Interviewees' testimonies on each theme were compared and contrasted, leading to the identification of a series of commonly reported issues and their possible underlying drivers (Table S2 ). These were analysed in the context of the literature review and other sources of evidence, in order to form explanations for the current situation (Section 5.1). Lastly, a systems engineering approach (based on [100] ) was adopted in the development of an intervention in response to the findings (Section 5.2).
Case Study Findings
Fieldwork Observations of C&D Waste Logistics
A picture of the steps by which C&D waste is currently managed was built up based on direct observations in the field:
All case study projects except one employed a skip service. Typically, there is inadequate space on site to have different skips for each waste stream, except for the compulsory segregation of hazardous and non-hazardous waste, and metals that are generally separated at source and sold as scrap due to their value. The weighing of incoming skips and separation of waste fractions is undertaken at the WTS through a series of heavy plant operations, trommel screening, and manual sorting. The WTSs were all within 25 km of the construction sites.
WTSs are places of huge throughflow: waste carriers' vehicles will typically arrive every 2-5 min. The operation only works, spatially and economically, if waste is continuously pushed through the system and out again, on the back of another truck, on to its next destination. Time and safety concerns prevent any manual sifting of reusable components from taking place, and, in any case, the sheer ruggedness of the environment means that good materials are unlikely to avoid damage.
Different waste fractions separated at the WTS travel to different destinations as their capacities and gate fees change, but haulage is a major cost so waste management companies seek to avoid large travel distances. In this study, the next destinations of waste fractions were within 75 km of the WTS. In the case of recyclables, these destinations were generally only the next link in a long chain of businesses involved in turning unwanted construction components into raw materials, for manufacture into a product with recycled content. This chain can extend to other parts of the UK, Europe, and-for metals, some plastics, and some cardboard packaging-worldwide.
Documentation and Reporting of C&D Waste
Although the UK's legislative requirement to carry out SWMPs has been repealed, in all cases the contractual arrangements between contractor and client continued to require them to be completed. However, the requirement to report on waste is typically fulfilled after-the-event by waste management companies. None of the contractors in the study collected their own data on quantities and types of waste arising, which is consistent with usual practice in this sector. None had carried out a pre-redevelopment audit [101] of materials that would emerge as waste from demolition and strip-out.
Waste is categorised by waste management companies based on European Waste Catalogue (EWC; [102] ) codes, corresponding to the waste fractions that the company transfer away from the WTS ( Figure S1 ). Waste management companies report back to their customers based on a record of the total quantity of each material processed at the plant. Typically, they assume that the waste profile of any given skip matches the profile of everything processed at the WTS (e.g., Figure S1a ). Unless waste is segregated at the source, they are usually unable to report the actual quantities of each waste fraction received from any given project or contractor. Only one waste management company made visual assessments of skips' contents at the moment of tipping, to estimate by volume the proportion of different wastes received ( Figure S1b ). Some companies report only a total tonnage of 'mixed C&D waste' (EWC code 17 09 04). Thus, it can be seen that the information is retrospective; rarely specific to actual project or actual materials; classified into coarse categories; and directed at the contractor and client of the source project (rather than at any potential new users of the materials).
Combining all case study projects, a total of almost 95% of waste was reported as sent to recycling industries (Table S2) , although the data do not account for the proportion of waste actually recycled downstream.
Interview Findings
The purpose of the interview process was to examine the roles and practices that frame the decision to reclaim and reuse or discard components to waste management. Attitudes and perceived constraints expressed in interviews are described by topic in Table S2 (column 3) . These are interpreted in light of the authors' fieldwork observations (column 4), and underlying barrier and driver mechanisms and their causes are suggested (columns 5 and 6).
The client organisations in the case study projects did not instruct the reclamation of components from strip-out/demolition for reuse on site, so it was left to contractors to decide whether to deconstruct or demolish. Interviewees reported time, cost, and health and safety implications to deconstruction; the commercial benefits of resale were not apparent to them. Anecdotally, successful demolition contractors are very careful to identify components that they can reclaim and sell, as this represents their competitive advantage. However, in the case study projects-decommissioning of mid-to late-twentieth century housing and strip-out of elements within it for upgrading-demand for the components being produced was considered unlikely. The salvage industry was treated as a proxy for all market demand, and little emerges that would normally be seen in a salvage yard.
In this context, the assumption that components have no further use remains untested. The contractor lacks knowledge of needs beyond their current project and is not motivated or equipped to make a robust assessment of component usefulness. Their role does not normally involve product supply, and the idea that items they discard could be transformed for some new purpose did not occur in interviews without prompting. The use of RMMs to test demand and sell reclaimed components is not established practice. Those interviewees that were aware of their existence reported finding them inconvenient (time-consuming with low expectation of sales) or untrustworthy (typically selling to unknown individuals rather than to businesses). Interviewees could not imagine their own company using RMMs to purchase materials, due to non-compliance with client specifications, concerns over quality, and concerns over quantities available. Given that they do not perceive major consumers of building materials like themselves as potential customers, their scepticism about posting items to RMMs is logical. To do so is considered a positive, community-minded action, but not a viable alternative to conventional waste management. The skip service, by contrast, is simple, familiar, and reliable. Even though skip removal is perceived as expensive, gate fees are not so high as to incentivise widespread investment in alternatives.
Two people at different waste management companies felt that the amount of good quality timber and plywood they see coming through their yards would, in their words, 'make you weep'. Indeed, a normative idea arose in several interviews, that those materials that can, should be used. This appeared to be a primary motivating factor for those contractors who had in the past found ways of passing on useful materials to the benefit of others, rather than any saving in disposal costs, or boost to their company's corporate social responsibility. Frequently, the default behaviour is to discard without considering reusability, but, in some cases, contractors' willingness to seek out alternatives is apparent. On those occasions, their intentions were often frustrated by the lack of a mechanism for bringing reuse connections to bear.
Discussion
'Where We Are': Systemic Mechanisms Leading to Components Being Discarded as Waste
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There is a mature infrastructure underpinning the chains of recycling and energy recovery mapped in Figure 3 ; the economic value of feedstocks is understood through the network and fees payable by contractors and waste management companies are reasonably predictable. By comparison, the case study projects exhibited no examples of reuse and little connection to the salvage industry or any other reuse infrastructure. This absence makes it difficult to evaluate whether reclamation will be cost-effective. Discarding components to waste management is perceived as a safe, default position that was unchallenged in all case study projects (Figure 4a ). This perception that components are unwanted and valueless sets in motion a series of steps from which it is difficult to recover any component utility. Components are treated as a liability rather than an asset, undergoing destructive demolition rather than careful dismantling. Contractors do not see value in creating the capacity to take a proactive role in sorting and redistributing these materials: instead, the skip service provides a simple release valve. Once discarded to a skip, they are 'waste', subject to further damage and mixed with other wastes. WTSs provide the interface with the rest of the waste management infrastructure, but are not set up as places for reclamation. By the time waste has reached the WTS, therefore, the management options are effectively limited to recycling, incineration with or without energy recovery, and landfill. If building components are to be reclaimed, demand must be recognised from the outset. To establish whether there is demand requires timely and appropriate information about existing building components. Nascent systems of component management are illustrated in Figure 4b ,c, in which an audit provides the starting point. This could be in the form of a pre-redevelopment audit, or informal identification of reusable components, such as the practical knowledge that a demolition contractor may apply when tendering a job. comparison, the case study projects exhibited no examples of reuse and little connection to the salvage industry or any other reuse infrastructure. This absence makes it difficult to evaluate whether reclamation will be cost-effective. Discarding components to waste management is perceived as a safe, default position that was unchallenged in all case study projects (Figure 4a ). This perception that components are unwanted and valueless sets in motion a series of steps from which it is difficult to recover any component utility. Components are treated as a liability rather than an asset, undergoing destructive demolition rather than careful dismantling. Contractors do not see value in creating the capacity to take a proactive role in sorting and redistributing these materials: instead, the skip service provides a simple release valve. Once discarded to a skip, they are 'waste', subject to further damage and mixed with other wastes. WTSs provide the interface with the rest of the waste management infrastructure, but are not set up as places for reclamation. By the time waste has reached the WTS, therefore, the management options are effectively limited to recycling, incineration with or without energy recovery, and landfill. If building components are to be reclaimed, demand must be recognised from the outset. To establish whether there is demand requires timely and appropriate information about existing building components. Nascent systems of component management are illustrated in Figure 4b ,c, in which an audit provides the starting point. This could be in the form of a pre-redevelopment audit, or informal identification of reusable components, such as the practical knowledge that a demolition contractor may apply when tendering a job. . Current scenarios for the sequence of activities that determine treatment of existing building components: (a) no consideration of potential to retain component function-complete reliance on waste management, as seen in the case study projects; (b) nascent component management-formal or informal audit and engagement of new build team, allowing potential for some secondary use on site, as reported, e.g., in [103] ; (c) nascent component management-formal or informal audit and knowledge of salvage traders, leading to some reuse off site. Combined use of (b,c) represents current best case scenario, with continued reliance on waste management for the majority of components removed from stock.
The primary source of information about materials emerging from the case study projects was waste reporting. As well as being generated too late in the process, these reports do not provide a qualitative understanding of components that would be necessary in identifying demand. EWC codes or the categories of the European Waste Statistics Directive (EWC-Stat; [104] ) capture all types of waste, but do so in a way that is geared towards waste management, rather than component utility, despite the intention of aiding waste prevention. Taking an example, there are only two EWC codes for timber construction waste: 17 02 01 (wood), and 17 02 04* (glass, plastic, and wood containing or contaminated with dangerous substances). The codes do not distinguish between a solid timber joist, a kitchen unit of chipboard and melamine, and a panelled door: distinctions that would need to be drawn in order to understand whether such components can serve others' needs. The point is demonstrated by Figure 5 : a 'soil and stone' pile with large blocks of cut granite in amongst soil and gravel. All are '17 05 04' as far as the EWC is concerned, and all attract the lower UK landfill tax rate for inert waste, but are very different in terms of embodied carbon, utility, and value. Measuring in terms of undifferentiated tonnage or volume of broad waste categories biases their disposal towards downcycling en masse. 
'Where We Want to Be': A Triage Process to Support Reuse, Repurposing, and Upcycling
Based on an analysis of C&D waste management processes, the previous section explained that for building components to be reclaimed, demand must exist and be identified from the outset; that to serve latent demand, specific components' qualities as well as quantities must be identified; and that to overcome the vantage point problem, this information must flow between supply and demand. It was noted, however, that the demand projects that can directly reuse components A detailed understanding of specific building components is not necessary for them to serve as feedstock for conventional recycling, because they will be returned to the state of raw material. This loss of specificity means that recycling can provide certainty over future (albeit lower) utility [68] . The utility of a specific reclaimed component, with its idiosyncrasies, is far less clear-cut. Individuals from the contractor and the design team will have an intimate awareness only of the needs of their current project, or a handful of projects in which their company is involved. Thus, there is a vantage point problem in the scenarios illustrated in Figure 4b ,c: those faced with deciding components' fates do not have the vantage point to see other projects that might be able to use them. This interpretation is consistent with reports in the literature: the proportion of components successfully reclaimed and reused remains low, even in the best case of thorough auditing [103, 105] .
RMMs hold promise in addressing the vantage point by creating a flow of information between supply and demand. This study suggests that the limited uptake of RMMs is down to three main weaknesses. Firstly, items are usually offered at the time that they arise as waste, and this does not leave a period for architects and engineers to incorporate particular components into design development, or for buyers and sellers to negotiate a deal. Secondly, since most contractors do not consider using RMMs to post unwanted items, very little tends to be available. Thirdly, items may be offered without the warranties required by insurers [106] , so although UK Building Regulations have a fitness for purpose clause that should facilitate the appropriate use of reclaimed materials, they are viewed with caution in mainstream construction [107] . Without sufficiently early information, adequate choice, and assurance over the quantity and quality of offerings, the ability to capitalise on RMMs is limited to small and informal demand projects that are less selective and can make immediate use of materials.
Given the vantage point problem and the limitations of RMMs, direct reuse connections often do not materialise. The waste hierarchy indicates that recycling (in any form) then becomes the preferred option, validating conventional waste management [108] . This could be seen as premature. The current system (a) does not allow the potential for direct reuse to be explored systematically, and (b) does not identify scope for remanufacturing and upcycling. These processes are potentially more practicable than reuse and environmentally preferable to downcycling, but are not supported by the waste hierarchy. The following section attempts to embed a thorough exploration of reuse and the overlooked possibility of upcycling into a system of component management.
Based on an analysis of C&D waste management processes, the previous section explained that for building components to be reclaimed, demand must exist and be identified from the outset; that to serve latent demand, specific components' qualities as well as quantities must be identified; and that to overcome the vantage point problem, this information must flow between supply and demand. It was noted, however, that the demand projects that can directly reuse components identified in this way are limited. For demolition practices to change (and thus increase the supply of reclaimed goods), there must be timely evidence of demand at scale. This section expands on the nascent model of component management illustrated in Figure 4 to address the identified needs and shortfalls. It describes a series of interlinked activities that are necessary to form a triage process ( Figure 6 ) in pursuit of the aim of more comprehensive component management.
To enable exhaustive exploration of the potential for direct reuse, there is a need for effective information flows through a widely accessible database similar to an RMM. Figure 6a begins to address the identified shortfalls of RMMs by integrating an information gathering regime modelled on pre-redevelopment audits [101] . At present, the results of audits are used in isolation by the project team and only inform waste management decisions. If, instead, audits from many projects were collated in a database, with components that are to emerge as waste described systematically (and qualitatively as well as quantitatively), it would create a timely array of information. Potential demand actors could navigate the database online and agreements could be reached prior to strip-out, demolition, or deconstruction. Proposed triage process comprising a series of activities that captures information about existing building components to be removed from stock; makes it visible to a wide community of contractors, designers, and businesses; and determines components' usefulness for: (a) direct reusesimply substituting specified component for available reclaimed component; (b) direct reuse or repurposing included in design-increasing the scope for using reclaimed; or (c) feedstock for upcycling enterprise-manufacturing certified products that can be used like any other product.
To enable exhaustive exploration of the potential for direct reuse, there is a need for effective information flows through a widely accessible database similar to an RMM. Figure 6a begins to Figure 6 . Proposed triage process comprising a series of activities that captures information about existing building components to be removed from stock; makes it visible to a wide community of contractors, designers, and businesses; and determines components' usefulness for: (a) direct reuse-simply substituting specified component for available reclaimed component; (b) direct reuse or repurposing included in design-increasing the scope for using reclaimed; or (c) feedstock for upcycling enterprise-manufacturing certified products that can be used like any other product.
Carrying out a pre-redevelopment audit is incentivised in BREEAM, the environmental accreditation scheme, although as a non-compulsory initiative, auditing is unlikely to become common practice until the benefits are made clear. Legislative change could kick-start this system, for instance, by requiring the submission of an audit for all developments seeking planning consent above a certain size threshold. Intervention at the planning stage ensures that the information is submitted and can be broadcast well in advance of starting on site: in the UK, the period between making a planning application and starting construction is rarely less than six months, and often far longer. Requiring an audit for all projects with significant strip-out or demolition would create a far larger variety and quantity of available components, and a more fertile database from which to meet a new project's needs. The development of standard clauses to enable the specification of items from this source would align reused components with conventional procurement.
The third problem with RMMs-uncertainty over the quantity and quality of offerings-is not addressed by the activities illustrated in Figure 6a . In this scenario, components are directly transferred from one site to another without consolidation or warranties, so demand will remain limited to small and informal projects. Introducing a consolidation activity in which components are stockpiled ahead of reuse (Figure 6b ) can ensure that adequate quantities are available to meet a larger project's needs, and can help to reconcile project timing and delays [109] . Evidence from the salvage industry suggests that the consolidation and storage function cannot be performed profitably for the majority of component types in today's context. This would either need to be supported as part of public authorities' goals of improving the environmental impacts of construction, increasing urban management of a city's own waste, and creating additional employment (e.g., by allocating pockets of publicly owned land and resources to manage component storage); or the consolidation function would need to be carried out by private third parties that subsidise the cost of consolidation as part of a larger profit-making enterprise that may include upcycling, testing, and recertification (Figure 6c) .
Such third parties between supply and demand may carry out only minor work, or they may undertake new processes not currently recognised as separate waste management options. Necessarily, they would add significant value to their feedstocks for their business models to be viable. It is the database that focuses the creativity of entrepreneurs, academics, and designers on the invention of new uses for existing building components. The emergence of upcycled and recertified products is the factor that could ultimately expand the remit of reuse beyond niche projects and into mainstream construction, allowing a far greater proportion of components to be retained locally at high value and utility. Costs and lead-in times would become more competitive with virgin products as flows increase [73] .
This commentary must be seen in the light of the many barriers reported in the literature (e.g., [64, [110] [111] [112] [113] ) which have at their root the relatively high price of urban land and labour in comparison to those of materials. Increases in virgin resource prices and price volatility may be forced upon the industry over time [114] or early correction of these rises to avoid 'hitting the wall' [115] may be brought about through tax reform. Many authors have investigated forms of increase in the taxation of non-renewable resources and reduction in the tax burden on employment in order to capture the negative externalities of resource use and encourage the use of the plentiful renewable resource of human labour [116] [117] [118] [119] [120] [121] . The industrial establishment resists such measures, though landfill taxes provide a precedent for top-down government intervention bringing about widespread, positive change [75] . Regulatory drivers (such as limits on whole life carbon or measures to incentivise the use of materials with low embodied carbon) may also strengthen the economic case for component management. Until such changes are brought about, either proactively by governments, or passively by a shifting global economic context, stimulating reuse will remain a challenge.
To look at the economic situation another way, if these changes are considered inevitable in the long term, efforts now to evolve C&D waste management towards component management are a bulwark to the resilience of the construction industry, and to our future prosperity.
Limitations and Further Research
The analysis of case studies attempted to draw conclusions that hold true for C&D waste management in urban environments. However, the critical realist philosophy adopted accepts that the particular phenomena under scrutiny and the conditions under which they arose are dynamic; interpretations are limited to their time and place and cannot necessarily be generalised to a wider context.
The potential of reuse to reduce disposal costs for waste generators and reduce material costs for new construction has not been adequately demonstrated. To increase confidence in the case for changing industry practices, or introducing legislation to kick-start component management, further research is required. This research could interrogate aspects of an effective system of component management, such as the nature of information required; means of efficiently gathering this data; and opportunities for adding value to specific waste streams through new upcycling business models. As an example, the authors are currently examining the manufacture of structural cross-laminated timber using waste wood as a principal feedstock.
Conclusions
The construction industry has made considerable progress in its management of waste since the 1990s, when disposal in landfill was common. However, the now-prevalent system of recycling does not capitalise on the value of existing components, and wastes embodied environmental impacts. Reuse, repurposing, and upcycling offer the potential to improve upon waste management, but the decision to discard components frequently goes unchallenged. This is underpinned by:
1.
a failure to identify components in advance-current waste reporting is retrospective and classified in coarse material categories, is geared towards waste management, and does not identify specific components' qualities; 2.
uncertainty over the utility or value of components to others-unlike recycling, reuse suffers from a vantage point problem of knowing what is of use elsewhere; as a means of overcoming this problem, RMMs have drawbacks that impede uptake; 3.
a perception of cost and programme risk in undertaking reclamation-in the context of (1) and (2), an inability to assess the merit of reclamation; and 4.
acceptance of the preferential order of the waste hierarchy-recycling (in any form) becomes the preferred option where direct reuse appears impractical, such that exploration of the potential for upcycling is not supported.
For contractors to reclaim a greater proportion of building components, demand must be identified from the outset, but contractors are ill-equipped to answer the fundamental question of whether components are of use to others. This paper therefore developed a 'triage process' in which the onus for producing this knowledge is shared.
Policymakers can kick-start the generation of relevant information at early stages of projects by requiring the submission of a pre-redevelopment audit for all developments above a certain size threshold seeking planning consent. Local authorities or service providers can develop and maintain a database in which the audit results are collated and broadcast. Clients and their design teams can use this database to identify and specify useful components well in advance of demolition. Researchers and entrepreneurs can use the database to identify underused components, for which environmental and economic improvements upon conventional recycling can be developed, and, in due course, deliver recertified upcycled products. Many of the risks and constraints associated with reused materials would be overcome by successful upcycling, allowing a wider array of clients, contractors, and designers to adopt their use. The triage thus provides a framework for the robust exploration of direct reuse, and focuses creativity already present in and around the construction industry on the invention of new uses for existing building components. In doing so, it contributes to an emerging system of component management, in which those components that can be retained for reuse are separated out from those for which waste management is the best option.
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